Meningioma is an intracranial tumor with few confirmed risk factors. Recent research points to an impact on meningioma risk from factors related to immune function and development, such as allergy, immunoglobulin E, and Varicella infection status. To further explore an association with immune function, the authors assessed individual seroreactivity to meningioma tumor-associated antigens among participants enrolled in a multicenter, population-based US case-control study of meningioma (2006)(2007)(2008)(2009). Serum samples from cases (n = 349) and controls (n = 348) were screened for autoantibody reactivity to 3 proteins identified in previous studies: enolase 1 (ENO1), NK-tumor recognition protein (NKTR), and nuclear mitotic apparatus protein 1 (NUMA1). Case-control differences were not strong overall (adjusted odds ratio (OR) ENO1 (continuous) = 1.1, 95% confidence interval (CI): 0.6, 1.9 (P trend = 0.3); adjusted OR NKTR (continuous) = 1.3, 95% CI: 0.7, 2.4 (P trend = 0.02); and adjusted OR NUMA1 (continuous) = 1.1, 95% CI: 0.7, 1.8 (P trend = 0.06)); however, antibodies to NKTR and NUMA1 were detected at higher levels in cases than in controls, particularly among men (for men, adjusted OR ENO1 (continuous) = 1.6, 95% CI: 0.5, 4.7 (P trend = 0.24); adjusted OR NKTR (continuous) = 4.3, 95% CI: 1.2, 15 (P trend = 0.009); and adjusted OR NUMA1 (continuous) = 3.6, 95% CI: 1.1, 11 (P trend = 0.006)). These results indicate that men with meningioma commonly react with a serologic antimeningioma response; if supported by further research, this finding suggests a distinctive etiology for meningioma in men.
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Meningioma accounts for 34% of brain tumors in the United States (2002) (2003) (2004) (2005) (2006) and is the most frequently diagnosed primary tumor of the brain and central nervous system (1) . However, risk factors for meningioma remain relatively unexplored. Besides gender (incidence is twice as high in women) and increasing age (2, 3) , ionizing radiation exposure to the head is the only established risk factor. We and other investigators recently found that immune factors may influence the etiology of meningioma, including a less frequent report of allergies or certain allergic conditions and Varicella virus-associated disease (chickenpox and shingles) in meningioma cases compared with controls (4-10). Such observations raise the possibility that immune surveillance mechanisms may affect meningioma incidence via immune suppression of nascent tumors. If such a mechanism exists, we may be able to capitalize on it for early detection and treatment strategies.
Neoplasms express proteins, termed "tumor-associated antigens" (TAA), which are new to the immune system and may elicit a reaction. These may be embryonic proteins which are reexpressed, mutant oncogenic proteins, overexpressed proteins, or those otherwise processed in an unusual manner. When presented to the immune system with proper costimulation, these TAA may stimulate the production of autoantibodies. Such antibodies may help suppress tumor growth and can also serve as diagnostic and/or prognostic biomarkers (11) . Meese and colleagues have extensively used a technique called SEREX (serologic identification of recombinantly expressed clones) to identify autoantibodies present in meningioma patients that are not expressed among controls (12) (13) (14) (15) . The technique involves the expression of a "library" of proteins derived from meningioma or other brain cancers in bacteriophage colonies on a Petri plate, the transfer of such antigens to a membrane, and the subsequent screening of patient and control sera for reactive antibodies to the antigens on the membranes. The development of autoantibodies to specific proteins in individual patients depends on epitope availability (restricted by human leukocyte antigen genotype) and the state of immune costimulation in the patient and tumor. This approach yielded several dozen autoantigens, none of which individually identify meningioma patients with accuracy but as a panel had a great deal of classification accuracy (15) . This has evolved into an approach that targets multiple antigens from a single serum sample with an analytical algorithm to help distinguish patients from controls (14, 15) , with the goal of developing a serologic test for a tumor in the central nervous system.
Autoantibodies are typically assessed in convenience clinical samples and not in a population-based or comprehensive manner. We sought to understand the nature of autoantibody reactivity in our meningioma case-control study and to examine whether autoantibody reactions against the tumor might vary by allergy status, gender, age, and other epidemiologic characteristics related to meningioma risk factors. This use of autoantibody profiles in an epidemiologic study is unique and may shed light on the etiology of meningioma. With the use of a semiautomated flow cytometry-based detection system, 3 TAA shown previously to be particularly useful in autoantibody screens were chosen for this analysis: enolase 1 (ENO1), NK-tumor recognition protein (NKTR), and nuclear mitotic apparatus protein 1 (NUMA1). Two of these autoantibody targets had among the highest abilities to discriminate between meningioma cases and controls in a recent report (15) , and the other (NKTR) was a top hit in a previous high-dimension serologic screen (12) .
MATERIALS AND METHODS

Study participants
Our case and control sera were derived from a larger group of study participants in the Meningioma Consortium Study (4) . Eligible cases included all persons aged 20-79 years who were newly diagnosed with pathologically confirmed intracranial meningioma between May 1, 2006, and December 12, 2009, among residents of the states of Connecticut, Massachusetts, and North Carolina, as well as several counties in California (Alameda, San Francisco, Contra Costa, Marin, San Mateo, and Santa Clara) and Texas (Brazoria, Fort Bend, Harris, Montgomery, Chambers, Galveston, Liberty, and Waller). Cases were identified through the Rapid Case Ascertainment systems at most sites (Connecticut, North Carolina, and California) and through review of hospital pathology departments and statistics-based tumor registries at sites without a formal Rapid Case Ascertainment mechanism (Texas and Massachusetts). Controls were selected through random-digit dialing methods by an outside consulting firm (Kreider Research and Consulting, Waterville, Maine) and were frequency-matched to cases by 5-year age interval, gender, and state of residence. Cases or controls with a previous history of meningioma and/or a brain lesion of unknown diagnosis were excluded.
The study, consent forms, and data collection instruments were approved by the institutional review boards at Yale University School of Medicine, the Connecticut Department of Public Health, Brigham and Women's Hospital, the University of California, San Francisco, MD Anderson Cancer Center, and Duke University School of Medicine. Consent, interviews, and sample collection were performed as previously described in detail (4) . Briefly, study participants were invited to participate with a letter of introduction. Following this, trained telephone interviewers called each participant and performed the interview or scheduled it for a future date. Interviews, available in English or Spanish, had a mean duration of 43 minutes, and consent for biologic sampling was discussed.
Collection of biologic samples was subsequently performed by trained phlebotomists who would visit the home, and specimens were immediately shipped to the University of California, San Francisco, for processing. One tube of blood with no additives (red top) was used to collect serum which was used for the current study. For the current analysis, we selected approximately 350 cases at random and 350 controls (from the available control group) from the sample bank, frequency-matched by gender and age (5-year categories). Because of the female predominance of the disease, all available male cases were chosen (from 858 available serum samples). Case sera were chosen at random from the sample bank and then matched to appropriate controls (selected at random from age-(in 5-year categories) and gender-matched groups). Sera were obtained from cases at a mean of 14 months (standard deviation, 8.5 months; median, 11 months; range, 5-43 months) after surgery, and no case patients were under treatment with cytotoxic chemotherapy or radiation therapy.
Measurement of serum autoantibody levels
Autoantibody targets were produced as recombinant glutathione S-transferase-tagged proteins in cell-free wheatgerm extracts (Abnova Corporation, Taipei, Taiwan). Proteins were purified on glutathione columns, and glutathione S-transferase tags were removed by proteolytic digestion and further purified using size exclusion chromatography. Five μg of protein was attached to 150 μL of carboxylated magnetic Luminex microspheres using a labeling kit (BioRad Laboratories, Hercules, California). Human serum albumin (Sigma catalog A3782)-bound beads (SigmaAldrich Corporation, St. Louis, Missouri) were used as a control for nonspecific binding (serum "matrix effect") (16) . Therefore, 4 separate bead sets were used in multiplex. All samples were randomized in blocks of 44 samples with equal numbers of cases and controls in each block.
One block of samples was tested on each plate. Incubation and washes were performed as follows: Sera were diluted and incubated in 150 μL of assay buffer with 10 6 labeled beads for 2 hours at room temperature with shaking. Three washes were performed with wash buffer (Bio-Plex automated wash station; Bio-Rad Laboratories). Secondary biotin-labeled mouse anti-human immunoglobulin G (BD Biosciences catalog 555869; BD Biosciences, San Jose, California) diluted 1:1,000 in 100 μL of detection antibody diluent (Bio-Rad Laboratories) was incubated for 30 minutes with shaking, followed by 3 washes in wash buffer. Assays were built by performing limiting dilutions of test sera in assay buffer (Bio-Rad Laboratories) to determine the assay titer for each target protein. A 1:100 dilution of sera:sample diluent ( phosphate-buffered saline + 10% fetal bovine serum + 2.5% heterophile antibody blocking agent (catalog item CBS-K; EMD Millipore, Billerica, Massachusetts)) was determined to be optimal, and all assays were conducted singly, paired, and all together on a test series of sera to determine the potential for crossreactivity. Lack of cross-reactivity interaction was confirmed. All study serum samples were randomized and assayed in duplicate. The resulting data were normalized across all plates to median values of total combined autoantibody levels on each plate. Standard reference samples were assayed on each plate to confirm assay consistency.
Statistical analysis
Data were analyzed using SAS 9.2 (SAS Institute Inc., Cary, North Carolina). Serum autoantibody levels were examined as the log-transformed values of the ratio of the antibody measure to the bovine serum albumin level and categorized on the basis of quartiles of the distribution in controls. The associations between discrete conditions and exposures of interest and meningioma were assessed using chi-square tests. Spearman rank correlations were used to assess pairwise correlations among autoantibody levels, and Kruskal-Wallis and Wilcoxon tests were used to assess differences between groups. Odds ratios as estimates of the relative risk of meningioma related to autoantibody level (as both continuous and discrete variables) were computed using multivariable logistic regression models. Potential confounding was assessed for education, history of allergies, asthma, and smoking history. Factors that altered point estimates by at least 10% were considered statistical confounders and included in the final model (among these factors, only allergy and education were confounders and were included in some models, as indicated in table footnotes). Statistical interaction was assessed using −2 log likelihood tests comparing the models with and without the cross-product term for the interaction of interest. For these analyses, interaction effects with P values less than or equal to 0.10 were considered statistically significant. The area under the receiver operating characteristic (ROC) curve ( plotted as sensitivity vs. 1 -specificity) was computed for each autoantibody. The area under the curve (AUC) for each autoantibody was also tested to determine the difference from chance. All models included adjustment for age in addition to confounders or effect modifiers, and analyses were stratified by gender.
RESULTS
Among 1,914 participants with available data at baseline (of whom 858 had sera available for analysis), 697 were randomly selected for this analysis. There were 349 cases tested and 779 not tested, and 348 controls tested and 538 not tested. Cases selected for autoantibody testing were slightly older than those not selected (59.4 years vs. 57.0 years; P = 0.001), and selected controls were also slightly older than those not selected (58.4 years vs. 56.3 years; P = 0.014). A higher percentage of tested cases were men (36% of tested cases vs. 23% of nontested cases; P = 0.0001), whereas among controls the percentages of men among those tested and not tested did not differ (both 36%). Tested and nontested participants differed by race, with those tested being more likely to be white among both cases (86% vs. 82%; P = 0.2) and controls (90% vs. 82%; P = 0.004). Years of education also were not related to testing status for cases or controls. Tested cases and controls did not differ from their nontested counterparts with regard to reports of allergy, chickenpox, asthma, or smoking (all P's > 0.2). Further, none of these variables were found to be statistical confounders of the association between antibody levels and disease status in our analyses (no odds ratios changed by more than 5%).
Among the autoantibody-tested subjects, controls had more years of education than cases (P < 0.0001), and for women, controls were more likely than cases to be white (versus nonwhite) (P = 0.05; Table 1 ). The race/ethnicity distribution of study participants reflected the overall distribution of the study recruitment sites. Women outnumbered men by a ratio of 1.8:1. Controls were more likely to report allergy and asthma, but not eczema (Table 1 ). Among controls, women and men had equivalent autoantibody levels, apart from NUMA1, which was higher among women (log NUMA1 control women = 0.67 and log NUMA1 control men = 0.62; Kruskal-Wallis test: P = 0.005 (see Web Table 1 , available at http://aje.oxfordjournals.org/)). Autoantibody levels were also associated with allergies among controls, and ENO1 levels were borderline-associated with current smoking among control women only (P = 0.06; Web Table 1 ). There were no statistically significant associations for asthma, eczema, ever smoking, race, or ethnicity within cases or controls, or for allergies among cases only (Web Table 1 ).
Autoantibody levels to TAA were higher in cases than in controls; however, results were not statistically significant (Tables 2-4 ). Statistical analyses indicated differences by gender, and we report odds ratios stratified by gender. Specific autoantibody levels were positively associated with meningioma status only in men (Table 4) . Risk of meningioma increased with increasing anti-NKTR levels among men, whereas no association was observed among women (P for interaction = 0.08). Among men, the odds of meningioma were increased 2.7-fold for persons in the highest NKTR quartile compared with the lowest, and for every unit change in NKTR, the odds of meningioma increased 4.3-fold (Table 4) . Assessment for potential confounders and statistical interaction showed no interaction with allergies, asthma, or smoking. Odds ratios did change slightly (>10%) with the addition of allergy to the model, and therefore the presented results were adjusted for allergy, age, and education among men.
Risk of meningioma increased with increasing anti-NUMA1 levels among men, whereas no association was observed among women (P for interaction = 0.03). Among men, the odds of meningioma were increased 3-fold for persons in the highest NUMA1 quartile compared with the lowest, and for every unit change in NUMA1, the odds of meningioma increased 3.6-fold. Assessment for potential confounders and statistical interaction showed an interaction between allergy history and NUMA1 level among men (P for interaction = 0.10), where men without allergies had 9-fold increased odds of meningioma for every unit increase in NUMA1 (odds ratio (OR) = 9.2, 95% confidence interval (CI): 1.5, 55) and those with allergies had no increase (OR = 1.1, 95% CI: 0.16, 7.0). We constructed ROC curves, which indicated no improvement in classification of meningioma patients as compared with controls for women ( Figure 1A ) and some improvement among men when using NKTR and NUMA1 (AUC values of 0.58 and 0.60, respectively).
We did not discover any gender differences in allergy in our prior analysis of allergy and meningioma and did not report gender-specific odds ratios (4) . Because of the current strong differences in autoantibody levels, we reanalyzed our data on allergy and meningioma by gender. The relation of meningioma with allergies was virtually the same for men and women (for men, OR = 0.60, 95% CI: 0.39, 0.91; for women, OR = 0.61, 95% CI: 0.47, 0.80), and there was no evidence of statistical interaction between allergies and gender.
DISCUSSION
Given previous data indicating that immune factors are involved in meningioma and the accessibility of autoantibody targets derived from the work of other investigators (4, 12, 15) , we developed and performed a small panel of autoantibody Luminex assays in a population-based casecontrol study of meningioma. Our results indicate that recognition of immunogenic epitopes on meningioma cells is stronger in men than in women, to the point of being a phenomenon exclusive to men for two of the epitopes chosen here. Whether this phenomenon is limited to some TAA or is true for most TAA is unknown and will await further study. Note that this result could be a type 1 error due to smaller numbers of participants within subgroups. This risk of error is increased further with regard to the allergy interaction analysis for NUMA1 (Table 4 , bottom), which should be interpreted with caution. Further research should be performed to clarify this result. If true, this phenomenon may affect gender-specific incidence rates. Men, having one-half the incidence rate of meningioma as women, may be able to suppress nascent meningiomas with an effective antitumor immune reaction. Whether their lower incidence of meningioma is caused partly or mostly by immune suppression is an interesting question that requires further study and suggests therapeutic or prophylactic interventions based on enhancing antimeningioma immune reactions, particularly for women who show no evidence of an antimeningioma reaction.
The strengths of our current study include the populationbased and geographically diverse recruitment of study participants and the large sample size in comparison with previous studies that assessed autoantibodies in meningioma, which were limited to fewer than 50 patients (12, 15) . Additional strengths include the equivalence of sample collection between cases and controls (for both, samples were collected in the field with laboratory personnel blinded to status to ensure identical processing), the lack of chemotherapy in the patient population (which might have affected antibody production), and the large number of immune covariates available for analysis. We developed a novel assay which included clean, expressed antigens and precise, relative quantification. Inherent weaknesses of this pilot study include the limited number of targets, although we intentionally selected the most biologically promising targets from the published literature for this project, and the small numbers for analysis of relevant subgroups, particularly men. The targets chosen for this study were derived from eukaryotic cultures to ensure that they matched the same expression system used in large autoantigen discovery platforms (12, 15) . Future studies should include more autoantibody targets and if possible mammalian expression systems to allow for relevant posttranslational modifications that are not possible in bacterial expression systems. Of course, such studies will need to include new discovery screening if a different antigen expression system is employed. Prior investigations of autoantibodies to meningioma antigens did not report results of gender-stratified analyses; therefore, our gender-specific results are without precedence. Higher rates of meningioma in women are thought to result from hormonal factors, as gender differences peak at 3:1 during the late reproductive years (ages 35-44 years (1)), and there are some reported risk associations for exogenous hormone use and meningioma incidence. Anthropometric variables that correlate with endogenous hormone levels have also been linked to meningioma risk (reviewed by Wiemels et al. (3) and Cowppli-Bony et al. (17)). Our gender-specific results may be counterintuitive when one considers that hormonal factors are known to contribute to autoantibody-related diseases such as lupus erythematosus, with estrogens enhancing T helper 2-cell development and antibody affinity maturation and androgens suppressing immune reactions (18, 19) . Women have higher baseline immunoglobulin levels and produce more immunoglobulin in response to infection and immunization (20, 21) . Among controls, women had statistically significantly higher autoantibody levels in the current study only for NUMA1 (Web Table 1 ). Women did not exhibit any additional autoantibody reaction when harboring a meningioma, and the stimulation of such a reaction may represent a potential therapeutic modality in the future. Men had higher immunoglobulin E levels than did women in our study population (4); however, immunoglobulin E is a small proportion of total immunoglobulin. Our current study measured specific immunoglobulin G (immunoglobulin G being the predominant antibody subtype), and the immunoglobulin E result is likely irrelevant here.
Prior reports of meningioma autoantibodies that were based on analyses of men and women combined or unreported gender found stronger associations than we found here (12, 15) . Apart from ENO1, our results were consistent with prior reports, though the differences between cases and controls were smaller in magnitude. In addition, ROC curve analysis indicated that the autoantigens assessed here performed slightly less well than in the previous study in which ROCs were computed (15) . Still, the ROC curves calculated by us discriminate cases from controls at about the same level that the Gail model is predictive of breast cancer (22) . The reasons for our lower AUC values compared with those of Ludwig et al. (15) and the lack of discrimination by ENO1 level may be related to assay differences. Ludwig et al. used Escherichia coli-expressed antigens (15); the antigens used in our study were produced in a eukaryotic expression system based on wheat. Protein folding differences and posttranslational modifications may account for differences in epitope availability. The exact epitopes that are immunogenic within these proteins are not known.
Many factors determine whether an individual will produce autoantibodies to specific tumor antigens and whether levels of such autoantibodies will have any relation to the levels of expression of particular antigens. Antibody specificity is governed in part by the interplay between protein expression in the tumor and an individual's capacity to present particular antigens to the immune system based on the highly polymorphic peptide binding pockets of the major histocompatibility proteins. As a meningioma grows and evolves, it may alter expression of immunogenic antigens that elicit an antitumor response, probably altering the autoantibody repertoire over time. Because of these variables, an ideal autoantibody assay would encompass enough antigens to yield consistent and correct answers both across a population of persons with different tumors and human leukocyte antigen genotypes and within an individual whose autoantibodies may be altered over time. Typically, a single serum sample will be available for any given individual, necessitating a robust multipoint assay. While the current study represents an important start, future studies will need to address a much larger antigen repertoire including possibly posttranslational modifications such as carbohydrate moieties, as well as a robust analytical rubric. Such studies would also aid in understanding the gender differences in autoantibody response and whether such differences may help account for gender differences in meningioma incidence.
